Extreme ultraviolet frequency combs are a versatile tool with applications including precision measurement, strong-field physics, and solid-state physics. Here we report on an application of extreme ultraviolet frequency combs and their driving lasers to studying strong-field effects in molecular systems. We perform field-free molecular alignment and high-order hamonic generation with aligned molecules in a gas jet at 154 MHz repetition rate using a high-powered optical frequency comb inside a femtosecond enhancement cavity. The cavity-enhanced system provides means to reach suitable intensities to study field-free molecular alignment and enhance the observable effects of the molecule-field interaction. We observe modulations of the driving field, arising from the nature of impulsive stimulated Raman scattering responsible for coherent molecular rotations. We foresee impact of this work on the study of molecule-based strong-field physics, with improved precision and a more fundamental understanding of the interaction effects on both the field and molecules.
Extreme ultraviolet (XUV) frequency combs are capable of having spatial and temporal coherence properties that rival visible light [1] and are among the brightest sources of XUV radiation originating from HHG, now approaching the average brightness of syncrotrons [2] [3] [4] . Since their initial development [5, 6] , XUV frequency combs have had found several applications including precision spectroscopy [7] , strong-field physics [1, 8] , and solid-state physics [9] . Recently, their spectral extent reached wavelengths as short as 10 nm [10] . The main tool for generating XUV frequency combs has been the combination of optical frequency combs and passive enhancement cavities that are capable of supporting femtosecond pulse bandwidths, the so-called femtosecond enhancement cavities (fsECs) [11] .
Reaching intensities suitable for HHG at high repetition rate also opens the door to study a variety of other nonlinear optical phenomena. Ultrashort laser pulses are capable of aligning molecules by an impulsive stimulated Raman scattering (ISRS) process. In the impulsive limit, when the excitation pulse duration is shorter than the characteristic rotational period, coherent rotations persist long after the excitation pulse has passed through the molecular sample. The resulting revival structure can be exploited for performing experiments on molecules aligned in the lab frame in the absence of control fields, or so-called field-free molecular alignment (FFMA) [12, 13] . This has been exploited in pioneering experiments performing dynamic imaging of molecular structure [14, 15] . Of particular interest to strong-field physics is the interaction of molecules with intense laser fields [12, 16] and performing HHG with aligned molecules [14, [17] [18] [19] [20] .
XUV comb systems potentially offer large factors of improvement in the fidelity of these studies due to their high signal to noise [8] and coherence properties [1] . In this Letter we study molecular alignment and HHG from aligned molecules at 154 MHz repetition rate using a fsEC system. This represents a nearly 5 order-ofmagnitude increase in the the repetition rate compared to typical experiments performing FFMA-based strong-field studies [14, 18, 21] . With the molecular sample rotationally excited inside our enhancement cavity, we investigate the effects of ISRS on the driving laser field by analyzing the cavity-transmitted light of a second, time-delayed pulse. We also perform HHG with the aligned molecules using the second pulse. The FFMA-based HHG at high repetition rate will facilitate heterodyne interferometry of the HHG signal in the extreme ultraviolet, permitting precise access to both amplitude and phase information of the XUV light [1] as a function of molecular alignment.
The impulsive nature of ISRS can have important effects on the driving laser [22] [23] [24] . The laser pulse experiences a self-phase modulation-like process, which leads to a red-shifting of the original optical spectrum. The process occurs without an intensity threshold. These features are distinct from SRS in the adiabatic regime [22] [23] [24] . Impulsive FFMA can also have important consequences for precision studies of strong-field physics [12, 14, [16] [17] [18] [19] [20] in aligned molecules since the HHG-driving laser pulse will experience spectral and phase shifts related to ISRS during the HHG process. Despite FFMA being a well understood phenomenon [12, 16] , the effects on the driving laser originating from ISRS are often ignored in HHG and FFMA experiments due to their small effects when thin, freely expanding gas targets are used at low densities. However, in the cavity-enhanced approached describe in this work, we are more sensitive to the effects of ISRS on the driving laser due to the cavity effectively increasing the length of our sample by a factor proportional to the cavity finesse. Indeed, we can now provide a clean measurement of the effects of ISRS with our enhancement cavity approach while maintaining otherwise similar experimental conditions to conventional molecular HHG experiments. Our measurements Schematic of the experiment. A high repetitionrate train of dual pulses, one for alignment and the second for HHG, are coherently coupled into a high-finesse, femtosecond enhancement cavity. The dual pulse feature of femotsecond pulse train is produced from a Gires-Tournois interferometer, with a tunable delay between the two pulses. At the focus of the cavity, the molecules are aligned by the first pulse and high-order harmonic generation is performed by the second pulse. The XUV light can be extracted from the cavity using a sapphire plate placed at Brewster's angle for the driving laser.
indicate that modulations (amplitude and phase) of the driving laser cannot be ignored in future experiments utilizing fsECs and must be characterized to properly describe the XUV frequency comb spectral amplitude and phase.
In our experiment, we use an 80 W, 120 fs, 154 MHz repetition rate Yb:fiber frequency comb centered at 1070 nm to drive a fsEC [25] . The resonance modes of the cavity are locked to the corresponding lines of the incident optical frequency comb. A piezoelectric transducer on a cavity mirror actuates on error signals derived from radio frequency sidebands on the frequency comb [26] . The cavity can operate with an enhancement factor ranging from 200−400 and can achieve up to 10 kW of average power. For this experiment, 10 kW of average power corresponds to a pulse peak intensity of 1 × 10 14 W cm −2 at the focus of the cavity at the full repetition rate. Accurate intensity calibration is achieved by the well defined optical mode inside the enhancement cavity and measurement of the enhancement cavity paramters [4, 11] .
The apparatus is schematically shown in Fig. 1 . Performing HHG with aligned molecules requires two successive pulses, the first to rotationally excite the molecules and the second to drive HHG (henceforth, pump and probe respectively). To accomplish this goal, we use a mirror combination similar to a Gires-Tournois interferometer (GTI) to convert the original laser pulse train into two with a tunable timing delay. The combination of a partial reflector (R ≈ .1) and a high reflector (R ≈ 1) along with a quarter (λ/4) waveplate and a polarizing beamsplitter cube generates the dual-pulse train. This combination of optics also generates weaker pulses after the probe pulse, but these do not effect the rotational dynamics gnereated by the pump and observed by the much larger probe. By tuning the value of the partial reflector, the relative heights of the pump and probe can be adjusted. By simply changing the distance between the partial and high reflector, the timing delay between the pulses can be tuned. For our experiment, the ratio of alignment pulse (pump) to HHG-driving pulse (probe) is 1:8; however, this value can be varied from 1:3 to 1:30 only limited by the available PR mirrors. The pulse train is coherently coupled into the fsEC, and at the cavity focus we inject N 2 O gas through a quartz nozzle with a ∼ 120 µm diameter with up to ∼ 3 atmospheres (atm) of backing pressure. XUV light produced with HHG is outcoupled from the cavity using a 250 µm thick sapphire plate placed at Brewster's angle for the fundamental driving laser.
Here, we briefly outline the basic formalism of FFMA for linear molecules as it pertains to our experiments. A more detailed treatment can be found in Ref. [12, 13] . During the laser pulse interaction with the molecules, the effective Hamiltonian is,
Here, B is the rotational constant, J is the angular momentum operator, ∆α is the anisotropic polarizability, α ⊥ is the perpendicular polarizability, E(t) is the electric field, and θ is the angle between the primary molecular axis and the laser polarization. The α ⊥ term can be dropped for convenience becuase it does not influence field-free molecular alignment. The time-dependent Schrödinger equation can be solved by expanding the wave function in the rigid rotor basis, and the degree of alignment can be quantified by the expectation value of cos 2 θ = ψ(t)|cos 2 θ|ψ(t) . To compare with experiments, gas samples usually begin in thermal equilibrium, so the expectation value of cos 2 θ needs to be thermally averaged, denoted as cos 2 θ . In the rigid rotor basis, the cos 2 θ operator can connect only J → J = J, J ±2 in a two-photon, Raman-like process. The molecules receive an impulsive kick from the field, and many rotational states are coupled owing to the large bandwidth associated with the short pulse. After the pulse has passed, the molecular wave function then evolves freely as in the following,
where a J,M is the complex amplitude of the |J, M state right after the interaction with the pulse has ended. Eq. 2 shows that the laser pulse has created a coherent superposition of rotational states that evolve coherently after the pulse. At the rotational period T r = π /B and its integer multiples, the wave function will repeat itself. At these wave-packet revival times, the cos 2 θ expectation value will be maximized. There may also be times No Gas Gas   FIG. 2. a) Pressure dependence of the buildup power when a single pulse is interacting with molecules inside the cavity at frep = 154 MHz. As the N2O pressure is increased, a decrease in the intracavity power is observed due to loss of power enhancement in the cavity. A trend line is shown with the data. b) The intracavity spectrum exhibits a clear shift to the red when gas is present, a signature of impulsive stimulated Raman scattering. The red shift is dominant even in the presence of ionization, which would shift the spectrum to the blue. The red shifted spectra corresponds to the data in (a) at 1.7 atm of applied pressure.
of strong alignment at fractions of T r that depend on the molecule under investigation [12, 13] .
Our work begins with investigating the effects of a single pulse propagating and interacting with an N 2 O gas jet inside the fsEC. The pulse has a peak intensity of 0.7 × 10 14 W cm −2 in the absence of molecules. We monitor both the intracavity spectrum and power as a function of the applied pressure to the gas nozzle. As shown in Fig. 2 , we observe a clear red shift of the spectrum, accompanied with a systematic decrease of the power. The power decrease results from spectral red-shifting decreasing the enhancement of the cavity and not from light scattering out of the cavity. The red shift is contrary to what is usually observed -spectral blue shift -when a femtosecond pulse propagates through ionizing media [4] . This demonstrates that ISRS has a more dominant effect on the pulse when interacting with N 2 O at these intensities and densities. The red shift is a manifestation of energy transfer from the field to the molecular rotations.
We proceed to inject two pulse trains into the fsEC. The first pulse (pump) excites a rotational wave-packet. The second pulse (probe) is of greater intensity and generates high-order harmonics. We observe two important features as a function of delay between the two pulses. First, the HHG yield of the probe pulse is modulated at the revivals of N 2 O (more on this later). Second, thanks to the cavity-based measurement and the multi-pass effect, we observe clear effects of the pump pulse on the probe pulse that occur at the rotational revivals of N 2 O. We observe these effects by monitoring the intracavity spectrum and power of the much more intense probe pulse. The effects on the probe pulse persist even if the probe intensity is too weak for appreciable HHG ( < 0.2 × 10 14 W cm −2 ). The effects on intracavity power are presented in Fig. 3 . At ∼20 ps and ∼40 ps of delay between the pump and probe, the half-and full-revival of N 2 O alignment, respectively, modulate the intracavity power, as shown in Fig. 3 a,b . This power modulation is related to spectral shifts of the intracavity spectrum, shown in Fig. 4a,b as a function of pump-probe delay for the half-and fullrevival respectively. The dominant contribution to the modulations in the power arrises from the reduced overlap between the intracavity comb and the exciting laser. The center of the intracavity spectrum shifts as the delay is scanned along with the corresponding intracavity power as shown in Fig. 4a,b on the left vertical axis. The conditions for the half-revival and full-revival data were the same as Fig. 3a ,b at 2 atm of nozzle backing pressure. The increase in intracavity power occurs with a slight blue-shift in the spectrum and the decrease with a slight red-shift. It is important to note that in the single pulse case (e.g., Fig. 2) , only red shift of the spectrum is observed. However, with the combination of pump and probe pulses, the molecular alignment/coherent rotation can transfer energy back and forth between the molecule and the field, depending on the pump-probe delay time [22] .
To provide a systematic investigation of the intracavity response, we have measured its dependence on a number of important parameters including the target gas density and pump/probe intensities. As the molecular density is increased, we observe a linear increase in the size of the revival effect on the intracavity power (measure by |max(signal)-min(signal)| of the revival structure), as shown in Fig. 3c,d . This dependence is consistent with ISRS [22] . We also see a linearly increasing response as either the pump or probe is increased independently. This effect is also consistent with ISRS and the degree of alignment cos 2 θ increasing linearly in the small intensity limit. These observations have been verified by numerically simulating the alignment process.
To complete our investigation of the field-molecule interaction, we use the observed spectral shifts to estimate the effects of ISRS on the phase of the probe pulses. We determine the phase shifts by analyzing the measured central wavelength of the intracavity spectrum as a function of pump-probe delay. The delay dependent spectral shifts are smaller than the red-shift observed when the gas is introduced (see Fig. 2b.) . The spectral shifts and their corresponding intracavity power are shown in Fig. 4a,b for the half-and full-revival respectively. Using the relation ω(t) = ω 0 + dφ/dt, we extract the phase dependence as a function of delay [27] . The phase shift results are shown in Fig. 4c,d for half-and full-revival respectively. Large phase shifts are introduced to the driving laser. This will be important to understand and control for experiments with HHG because small phase shifts on the pump will be transfered to the harmonic light and scale with harmonic order [1] .
With this clear determination of the molecular alignment effect on the pulse that is used to drive HHG, we now turn our attention to the measurement of the HHG yield as a function of molecular alignment. A pump pulse of 7.5 × 10 12 W cm −2 is used to prepare a rotational wavepacket before a probe pulse of 0.6 × 10 14 W cm is used to perform HHG. The total yield of harmonics 15 -19 are detected simultaneously with an electron multiplier as the delay between the pump and probe pulses is scanned. The data is documented in Fig. 5 . The XUV yield is normalized to the baseline at t ∼ 5 ps. The delay was scanned continuously at a rate of at 1 ps/s and no averaging of the data was performed besides low-pass filtering at 300 Hz. Further averaging could be performed to improve signal to noise and is not presented here. In Fig. 5b , we report the observation of a nearly 50% modulation in the XUV yield. The XUV yield is shown with the cos 2 θ expectation value for reference. This XUV yield does not mimic the effect on the driving laser, meaning that the modulations in the XUV yield are not driven by modulations in the driving probe power. With our fsEC apparatus we are easily able to achieve probe intensities of 1 × 10 14 W cm −2 and we have also performed HHG experiments with molecules of higher ionization threshold such as CO 2 or harder to ionize molecules like O 2 and observed similar modulations in the HHG yield arising from rotational revivals.
In conclusion, we have demonstrated FFMA and molecular HHG at high repetition rate. We have made precise investigations of the interaction between laser and molecules by generating alignment and observing the effect of ISRS on both the driving laser field and the molecules, thus providing a complete picture of the interaction. Observing HHG from aligned molecules at high repetition rates opens exciting avenues for probing molecular rotational dynamics [18, 21] with more rapid data acquisition and increased measurement precision. With the recent demonstration of heterodyne interferometry with XUV combs [1] we expect to measure both the amplitude and phase of XUV light from aligned molecules [14] .
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